Purpose: 1.5T gradient echo-based R Ã 2 estimates are standard-of-care for assessing liver iron concentration (LIC). Despite growing popularity of 3T, echo time (TE) limitations prevent 3T liver iron quantitation in the upper half of the clinical range (LIC'20 mg/g). In this work, a 3D radial pulse sequence was assessed to double the dynamic range of 3T LIC estimates. Theory and Methods: The minimum TE limits the dynamic range of pulse sequences to estimate R Ã 2 . 23 chronicallytransfused human volunteers were imaged with 1.5T Cartesian gradient echo (1.5T-GRE), 3T Cartesian gradient echo (3T-GRE), and 3T ultrashort TE radial (3T-UTE) pulse sequences; minimum TEs were 0.96, 0.76, and 0.19 ms, respectively. R Ã 2 was estimated with an exponential signal model, normalized to 1.5T equivalents, and converted to LIC. Bland-Altman analysis compared 3T-based estimates to 1.5T-GRE. Results: LIC by 3T-GRE was unbiased versus 1.5T-GRE for LIC 25 mg/g (sd ¼ 9.6%); 3T-GRE failed to quantify LIC > 25 mg/g. At high iron loads, 3T-UTE was unbiased (sd ¼ 14.5%) compared to 1.5T-GRE. Further, 3T-UTE estimated LIC up to 50 mg/g, exceeding 1.5T-GRE limits. Conclusion: 3T-UTE imaging can reliably estimate high liver iron burdens. In conjunction with 3T-GRE, 3T-UTE allows clinical LIC estimation across a wide range of liver iron loads.
INTRODUCTION
Chronic anemias such as thalassemia and sickle cell disease represent the most common genetic disorders in the world. Transfusion therapy in these patients produces severe iron deposition in the liver and other organs, leading to cardiac and endocrine dysfunction as well as liver cirrhosis. Iron overload in transfusional siderosis cannot be treated with phlebotomy; instead, patients receive iron chelators that bind and remove iron. Dosing must be adjusted based on tissue iron content, necessitating reliable iron quantitation techniques. Before 2005, needle biopsies were required to measure liver iron, with their attendant risks (1) and sampling error (2) (3) (4) . Since then, magnetic resonance imaging systems have become important tools for diagnosing and monitoring iron overload disorders including sickle cell disease, thalassemia, hemochromatosis, and neurodegenerative disorders (5, 6) . Both transverse relaxivity and magnetic susceptibility measurements have been used to estimate tissue iron concentrations in the liver, heart, endocrine glands, and brain.
MRI-based iron quantitation at 1.5T is now standard of care (7) . However, it is estimated that 50% of new magnet installations are 3T and some imaging centers use exclusively 3T magnets; this necessitates development of robust imaging techniques for high-field systems. Previous studies have validated quantitation over lower iron burdens at 3T (8) (9) (10) . However, liver iron quantitation with high-field scanners (3T and above) remains limited by rapid signal decay. When increasing the field strength from 1.5T to 3T, field-dependent enhancement causes R Ã 2
(1/T Ã 2 ) decay to approximately double, leading to transverse decay times below 0.5 ms in the liver, well below the range standard gradient-echo techniques can reliably capture (11) . Inadequate sampling of rapidly decaying signal components leads to an underestimate of liver iron concentration (LIC). The development of ultra-short echo time (UTE) sequences has dramatically decreased the minimum achievable echo time (TE), enabling acquisition of ultra-fast decay species (12) . UTE has shown promise to perform structural imaging of cartilage and bone. The reduced TE could potentially lead to significantly increased dynamic range in quantitative imaging approaches used to non-invasively estimate LIC at 3T and above. Proof of concept in this regard was published quite recently (13, 14) .
In this work, we measured liver R Ã 2 in human volunteers receiving treatment for transfusional iron overload using Cartesian gradient echo (GRE) and UTE sequences. We obtained 3T LIC estimates in milligrams of iron per gram of dry liver (mg/g) for comparison with clinical LIC estimates obtained at 1.5T using a previously derived relationship between liver R
METHODS

Participant Population
Study participants were selected from a population of patients at the Children's Hospital of Los Angeles (CHLA) undergoing chronic transfusion therapy for sickle cell disease, thalassemia, and other rare anemia syndromes. Participants provided informed consent to participate in an IRB-approved study (CHLA Study CCI-14-00034). Each participant received a clinically indicated MRI assessment for iron overload on a 1.5T scanner followed by a research imaging protocol at 3T. Imaging data from a repeat clinical visit was available for a single participant and was weighted proportionally in resulting statistics.
Participant Assessment
Images were acquired on single-RF-transmit Philips Achieva 1.5T and 3T clinical scanners (software revision v3.2.2 or v5.1.7, Philips HealthTech, Best, Netherlands) using 16-element SENSE-XL torso coils. Clinical liver iron estimates were obtained from 1.5T R Ã 2 estimates using a 3-slice gradient echo acquisition, henceforth referred to as 1.5T-GRE. Two series-a 16-echo Cartesian gradient echo series (3T-GRE) and a set of seven singleecho, center-out, stack-of-stars, 3D radial images with varying echo times (3T-UTE)-were acquired at 3T. Compared to Cartesian gradient echo, center-out radial trajectories facilitate significantly reduced echo times by beginning readout from the center of k-space; the removal of the dephasing gradient prior to readout allows the echo to be acquired more quickly after excitation. 3T-UTE echo times were selected with approximate log spacing to maximize dynamic range. The minimum echo time of 0.19 ms was selected to facilitate quantitation of LIC ! 60mg/g; other scan parameters including gradient strength and slice thickness were selected to permit the shortest echo time. Relevant sequence parameters for all series are available in Table 1 . All images were reconstructed on-scanner; the default reconstruction was used for 1.5T-GRE and 3T-GRE series while 3T-UTE images were reconstructed with the Philips SENSE implementation without undersampling. Clinical and research liver R Ã 2 estimates were made pixelwise in hand-segmented regions of interest encompassing the whole liver but avoiding large vasculature and biliary structures. R Ã 2 estimates were made by fitting an exponential þ constant (exp þ c) model (see Eq. [1] ) to the data using Levenberg-Marquardt least squares minimization with previously-validated software developed at CHLA in MATLAB (Mathworks, Natick, MA) (9) . The exp þ c signal model, which was used to fit 1.5T-GRE, 3T-GRE, and 3T-UTE data, is as follows:
where S(t) represents echo intensity at each echo time t, S 0 represents signal intensity at t ¼ 0, R Ã 2 represents relaxation rate, and c represents noise bias and contributions from slow-decay species. The fitting model was chosen for all scans to allow for comparison of the 3T-UTE technique with our existing, clinically-established analysis toolbox (9) . R Ã 2 estimates obtained at 3T were converted to 1.5T R Ã 2 equivalents using a previously-derived relationship (11):
where R(Y) represents the relaxation rate R Ã 2 at a given field strength Y, R iY represents the relaxation rate for normal liver at field strength Y, E R ðY Þ represents the relaxation rate enhancement for R 5T and 3T were assumed to be 31.1 and 44.4 Hz, respectively, based on internally derived estimates from healthy controls. These values, derived from a young cohort of patients, are similar to but slightly lower than previously published values derived in adults (8) ; this disagreement is expected based on the difference in age between the subject populations and the known increase in liver iron accumulation with age (15, 16) .
All LIC estimates were made using the 1.5T R Ã 2 -LIC calibration curve derived from biopsy (5). Bland-Altman analysis comparing 1.5T-GRE LIC estimates with 3T-UTE and 3T-GRE LIC estimates was performed; based on the expected failure of 3T-GRE techniques at high iron burdens, participants were assessed in two separate cohorts: LIC 25 mg/g and LIC > 25 mg/g. 00 laterally from the center line. Vials were staggered in a honeycomb layout to reduce inter-vial susceptibility effects. The phantom was imaged at 3T with the 3T-GRE and 3T-UTE protocols.
Simulation
A simulation evaluating the effects of proton-density fat fraction (PDFF) on exp þ c-derived LIC estimates was conducted. Signals were simulated by superposing water and a 6-peak fat model (17) with PDFFs of 0, 5, 10, and 20%. Decay was simulated as a mono-exponential and decay rates were calculated from a previously-derived LIC-R Ã 2 relationship (5,11) up to 45 mg/g. Noise was added to match an approximate first-echo SNR of 40 for images obtained in a normal liver. Signals for each LIC-PDFF combinations were simulated 20 times to provide pixelwise-like data and sampled at TEs matching the 3T-UTE and 3T-GRE protocols. Samples were fit using the same exp þ c technique as imaging data, pixelwise-like-LIC estimates were averaged, and the resulting LIC error was determined.
Software
A historical repository containing snapshots of relevant code can be found at https://github.com/cornercase/ snapshot_research_ute_vs_gre_LIC/releases/tag/v1.1 or via its DOI: 10.5281/zenodo.570291. (18)
RESULTS
Phantom
Analysis of phantom results (Fig. 1) Table 2 . Subjects were generally lean, had a broad range of iron overload, and had mild transaminitis. Example images and R Ã 2 maps are demonstrated in Figure 2 . Figure 3 demonstrates the scatter plot of LIC estimates measured with 3T-UTE and 3T-GRE compared with LIC estimates from 1.5T-GRE; a line of unity is displayed for reference. The 3T-GRE data (represented by X) track the unity line until LIC exceeds 22 mg/g (R Ã 2 %1750 Hz) and then plateau, similar to the plateau demonstrated by 24 mM MnCl 2 in Figure 1 . In contrast, LIC by 3T-UTE (represented by ) tracks the unity line up to 40 mg/g. For some clinical iron estimates near 40 mg/g, the approximate upper limit of the 1.5T protocol, 3T-UTE produces higher iron estimates than 1.5T-GRE (see shaded region, Figs. 3 and 5) .
The agreement between Cartesian GRE measurements at 3T and 1.5T is summarized by Bland Altman analysis (Fig. 4) . For subjects with clinical LIC 25 mg/g (represented by • ), the 1.5T-GRE and 3T-GRE are unbiased with respect to each other with a standard deviation of 9.6%. Participants with LIC > 25mg/g (represented by ) demonstrated large bias (37.3% 6 9.8). The failure of 3T-GRE fits at high iron loads causes LIC by 3T-GRE to be uncorrelated with LIC by 1.5T-GRE, causing the bias to grow with the average of the two LIC estimates. Figure 5 demonstrates the Bland Altman relationship between LIC derived from 3T-UTE versus 1.5T-GRE. For LIC > 25mg/g, 3T-UTE LIC estimates were unbiased with a standard deviation of 14.5%. For lower LIC values, UTE overestimated LIC compared to 1.5T-GRE by an average of 15.7% 6 21.9%.
Simulation
Simulation results demonstrated that physiologic amounts of liver fat cause estimates of LIC by 3T-UTE to overestimate liver iron compared to 3T-GRE. 3T-UTE error grows with PDFF but is relatively stable across iron loads above 5 mg/g. after an initial over-estimate of liver iron. Below 5 mg/g, error in LIC by 3T-UTE grows for all PDFFs, suggesting the maximum echo is too short for the 3T-UTE protocol to reliably quantify slow decay in the presence of noise, similar to the bias demonstrated in Figure 5 . In contrast, the 3T-GRE protocol is relatively robust to fat effects until the signal decay approaches the upper limit of the dynamic range. Approaching the upper range limit, LIC by 3T-GRE overestimates LIC by up to 6% before failing. Results are further summarized in Supporting Figure S1 .
DISCUSSION
Rapid decay rates have remained a persistent challenge for estimating high liver iron loads at 3T and higher field strengths. Iron quantitation in the heart and liver have been reported at 3T (19, 20) with traditional cartesian gradient echo techniques and slice-selective, half-pulse UTE iron quantitation has been successful at 1.5T and 3T up to LICs of 35.4 mg/g (R Ã 2 %3200 Hz) (13) . This is the first study to match the dynamic range of 1.5T-GRE sequences. Our existing 3T-GRE techniques offered excellent robustness up to 20-25 mg/g, though the exact limit is scannerdependent due to differing software options that limit echo spacing and first echo timing and hardware limitations such as coil blanking intervals and noise characteristics. The UTE protocol in this study was specifically designed to supplement an existing clinical quantitation workflow rather than replace it in order to maximize adoptability and permit the use of existing clinical tools without the need for algorithm or workflow changes. Both the phantom data ( Fig. 1 ) and the human data (Figs. 3-5 ) suggest that the 3T-UTE can quantify R Ã 2 up to an LIC equivalent of !40 mg/g. UTE therefore nearly doubles the range of iron compared to the 1900 Hz (LIC%24 mg/g) limit of our 3T-GRE sequence. Further, 3T-UTE may even exceed the dynamic range of the 1.5T-GRE protocol, quantifying R Ã 2 up to LIC!49.2 mg/g. Together, UTE and GRE at 3T in their current forms allow a comprehensive diagnostic alternative to 1.5T assessment.
Based on robust performance of 3T-GRE for low LIC quantitation (8), we optimized the 3T-UTE sequence for performance at iron loads over 20 mg/g. As such, we chose to acquire UTE data to a maximum TE of 2.0 ms. One downside of this approach is that only one fat oscillation was sampled. At 3T, out-of-phase fat oscillations can cause a substantial reduction in magnitude of the echoes between 0.5 and 1 ms. The combination of these fat oscillations and the 3T-UTE protocol's chosen echo times lead to nonobvious interactions with the exp þ c fitting model (21) , which assumes that the fat behavior can be sufficiently modeled by the bias term in Equation [1] . For LICs between 15 and 20mg/g, which demonstrate R Ã 2 decay rates between 1200 and 1800 Hz at 3T, the fat oscillations cause an apparent acceleration in R Ã 2 decay while the exponential decay suppresses fat oscillation data from the later echoes. This causes overestimation of R Ã 2 and artificially increases LIC from 3T-UTE between 15 and 20 mg/g. Over this range, the fat oscillations also interact unfavorably with the bias coefficient from Equation [1] . We found the S(0)-normalized bias, c, from Equation [1] tended to be 2-4 times larger for the 3T-UTE fit than the 3T-GRE fit over the LIC range of 15-20 mg/g; over the higher and lower LIC ranges, the bias values were similar. This behavior is consistent with previous studies (21) . We speculate that extending 3T-UTE to longer echo times would improve the quantitation because the bias term will stabilize with increased oscillations.
The pixelwise exp þ c fitting model (Eq. [1] ) was selected based on its robustness, biopsy validation, and lack of strict protocol and data export requirements (5, 22) . Such considerations may be important in driving clinical adoption, especially when clinical facilities have difficulty acquiring or exporting phase information or hope to assess UTE images with established curve fitting workflows designed for Cartesian GRE techniques. Including spectral models of fat in the fitting algorithm may address the challenges related to bias while also allowing for the simultaneous estimation of tissue iron and fat content. This would overcome the 3T-UTE's previously-noted overestimation of LIC for moderate iron loads. However, this approach is more challenging due to stricter data and computational requirements (23) . Further, the addition of fit parameters has been shown to increase the standard deviation of the R Ã 2 estimates (21). In certain clinical settings, it may be preferable to choose between the UTE and GRE estimates depending on the patient's expected iron load. In this case, models such as exp þ c, which lack explicit fat models, provide a reliable iron estimate; other fitting models such as truncated exponential (23) should work as long as appropriate R Ã 2 -LIC calibration curves are used (19, 24) . Though out of scope for this study, we speculate that R Ã 2 estimation with complex fitting techniques will meet or exceed the performance of the magnitude-based technique presented here.
Bland-Altman analysis of the 3T-UTE data shows that it is unbiased with respect to 1.5T-GRE estimates for LIC > 25 mg/g. Disagreement between 3T-UTE and 1.5T-GRE estimates for LIC 40 mg/g (shaded region, Figs from 3T-UTE compared to 1.5T-GRE rather than a failure of 3T-UTE. Though this could not be experimentally verified, the relationship between 3T-UTE and 1.5T-GRE was identical to the plateau observed between 3T-GRE and 1.5T-GRE; i.e., values exceeding the dynamic range "pile up." In retrospect, the study would have benefitted from UTE at 1.5T, as well, to accurately measure LIC > 40 mg/g. We have subsequently integrated 1.5T-UTE into our clinical protocol.
The clinical applicability of the UTE technique is further supported by its robustness to chest wall motion. In contrast to GRE sequences, which can show significant respiratory ghosting in free-breathing subjects, no coherent ghosts were visible in free-breathing UTE scans. The demonstrated robustness of the free-breathing protocol will immediately improve LIC estimates for participants who cannot complete a breath-hold of over 10 s. Patient comfort is improved through the negation of breathholds and the reduction in scan time due to decreased protocol duration and reduction in repeated series. SNR improvement relative to breath-holding has been demonstrated with triggered, free-breathing UTE imaging (25) and improved R Ã 2 estimation in iron overloaded liver (14) . In constrast, slice-selective UTE has demonstrated robustness in LIC up to R Ã 2 %1150 Hz (13) . Further studies will be needed to compare quantitative differences between free-breathing and breath-hold 3D UTE protocols in iron imaging.
Although many techniques that shorten TE compared to Cartesian sequences are considered UTE sequences (26), the term "UTE" is often associated with 2D imaging that achieves short echo times by combining data from two excitations with half-sinc pulses that use opposite slice-selection gradients (27) . The shortened TE is achieved because readout takes place in the space traditionally occupied by the right tail of the sinc pulse. We previously attempted LIC quantitation on both Philips and GE magnets using half-pulse UTE but were unable to achieve reliable quantitation. We speculate that the severe off-resonance that occurs in iron-loaded livers, small timing inaccuracies, and slice-profile effects (12) led to the failure of this approach. Krafft and colleagues demonstrated that 2D UTE quantitation could be markedly improved by including adjacent saturation bands to suppress out-of-slice contributions and chemically selective spatial saturation of fat to suppress streak artifact (13) . The downside of this approach is that it limits acquisitions to a single slice and alters the R Ã 2 -iron calibration, but it remains a viable alternative.
In contrast, 3D UTE techniques such as the one chosen for this study use a non-selective excitation pulse, which have demonstrated more reliable R Ã 2 quantitation in phantoms (12) . The non-selective UTE pulse is highbandwidth and has a lower duration than the half-sinc pulses used in slice-selective UTE, preventing offresonance from causing under-excitation. 3D UTE also allows whole liver coverage in manageable imaging times.
Although this study focused on quantitation at 3T, the UTE protocol shows promise at other field strengths. Most notably, it may increase the dynamic range at 1.5T, resolving the demonstrated upper limit of 41 mg/g. Further, the imaging challenges resulting from the nearlinear increase of R Ã 2 with field strength will compound at higher field strengths. UTE imaging will likely be the best approach to quantify even low and moderate liver iron at higher field strengths such as 7T. We therefore expect that the UTE for iron quantitation will grow in popularity at all field strengths. UTE approaches may also be synergistic for fat-water separation techniques as well as abdominal QSM (28) .
CONCLUSION
Non-selective, center-out radial UTE imaging is a robust supplement to GRE for quantifying liver iron at 3T. Our 3T-UTE protocol accurately tracked 1.5T-GRE LIC estimates up to 40 mg/g and potentially measures LICs as high as 50 mg/g. The UTE pulse sequence was available through a clinical science key on both software release 3.2.2 and 5.1.7 Philips scanners and did not require breath-holding. The 3T-UTE protocol functions as a turnkey replacement for GRE imaging in high-LIC participants at 3T. Further improvement to the protocol and fitting approach may allow UTE to measure low and moderate iron concentrations with the same accuracy demonstrated at high iron.
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